INTRODUCTION
The growth of dendrites is one of the commonly observed forms of solidification encountered when metals and alloys freeze under low thermal gradients, as occurs in most casting and welding processes. In alloys, the dendritic morphology during solidification affects important material responses, like corrosion resistance, and engineering properties, such as strength and ductility. Dendritic growth is also an archetypal problem in morphogenesis, where a complex ramified pattern evolves spontaneously from a structureless melt [1] . The Isothermal Dendritic Growth Experiment (IDGE) is a basic science experiment designed to provide a fundamental test of dendritic growth theory, without the usual complications induced by gravity-driven convection. The IDGE, is a collaboration between Rensselaer Polytechnic Institute and NASA's Lewis Research Center (LeRC) [2, 3] .
BACKGROUND ON DENDRITIC GROWTH THEORY
A number of theories of dendritic crystal growth have been developed over the last fifty years, all based on various transport mechanisms, physical assumptions, and mathematical approximations. These theories are used to predict a dendrite's tip velocity, V, and radius of curvature, R, as functions of the supercooling, ΔT. (See the review by Glicksman and Marsh [1] . The growth of dendrites in pure metallic melts is known to be controlled by the transport of latent heat released from the solid-melt interface as it advances into its supercooled melt. Ivantsov, in 1947, provided the first mathematical solution to the dendritic heat conduction problem [4] , and modeled the steady-state dendrite as a paraboloidal body of revolution, growing at a constant axial speed, V. The resultant conduction field surrounding the tip can be expressed exactly in co-moving paraboloidal coordinates. The temperature field solution is known as the Ivantsov, or "diffusionlimited" transport solution.
where Pe is the growth Peclet number, and α is the thermal diffusivity of the molten phase. . Here, d 0 represents the capillary length scale, which is a material parameter defined from the equilibrium temperature of the crystal-melt interface, the solid-liquid interface energy, and the specific and latent heats. Although some theories predict the value of this scaling constant, (σ*≈0.025), in practice, however, the scaling constant is used as an adjustable parameter to correlate dendritic growth data in various materials. In addition, gravity-induced convection again complicates the analysis of terrestrial data, as one can not easily discriminate convective effects from features inherent to dendritic growth under diffusion-controlled conditions. THE IDGE The Isothermal Dendritic Growth Experiment (IDGE), a NASA-sponsored series of Space Shuttle microgravity experiments, was designed to grow and photograph dendrites of high-purity model substances in microgravity. The absence of convective heat transfer in low-Earth orbit provides a fundamental test of dendritic growth theories. Upon freezing, the test material succinonitrile (SCN) forms BCC dendritic crystals like iron, whereas pivalic acid (PVA) solidifies as FCC dendrites, similar to those found in aluminum and copper.
The first two flights of the IDGE used SCN: first, in 1994, as part of the USMP-2 mission, aboard STS-62; and then in 1996, as part of the USMP-3 mission, aboard STS-75. These two space flights yielded the following important findings [8] [9] [10] [11] [12] [13] [14] :
(1) Melt convection under terrestrial conditions provides significant heat transport at values of the supercooling as high as ΔT =1.7K-a much higher supercooling value than previously thought.
(2) In the supercooling range from 0.47K to 1.7K, dendritic growth data in microgravity remain virtually free of convective effects, and may be used reliably for examining diffusion-limited dendritic growth theories based on Ivantsov's heat flow analysis.
(3) The steady-state diffusion solution to the dendrite problem, combined with a scaling constant, σ*, does not yield consistent predictions of the observed growth velocities and radii.
(4) The failure of the conventional formulation described in (3) is attributed to the Ivantsov thermal diffusion solution, which is formulated strictly for branchless, steady-state, paraboloidal, dendrites. Ivantsov's theory describes approximately the overall dependence of Peclet number on supercooling, but predicts values higher by 5%-15% than do the data observed in microgravity.
(5) The scaling parameter σ* does not appear to be a constant over a range of supercoolings studied in microgravity.
(6) The tip shape of a diffusion-limited SCN dendrite is neither paraboloidal or a body of revolution, and requires a mathematical description that includes an additional parameter that is a function of the dendrites azimuthal angle.
The IDGE provides the first solid evidence that Ivantsov's formulation does not accurately describe the thermal field during dendritic growth in SCN. The approximate agreement achieved between the transport theory and the microgravity data indicates that dendritic growth is indeed most likely governed by the conduction of latent heat from the crystal-melt interface, but the formulation to describe that conduction process is in need of some modification.
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IDGE ON USMP-4
The third IDGE flight was conducted in NovemberDecember, 1997, as part of the USMP-4 mission, aboard STS-87. The test material for this flight experiment was pivalic acid (PVA). PVA is similar to SCN, in that it grows non-facetted, metal-like dendrites. PVA has a smaller interfacial energy than SCN, but about ten times higher surface energy anisotropy [15, 16] . The surface energy anisotropy is an important parameter in dendritic crystal growth physics [1, 16] , and correlates with the threedimensional anisotropy observed in the dendritic tip shape.
EXPERIMENTAL APPARATUS, PERFORMANCE, AND PROCEDURES
The instrument for the recent IDGE flight experiment on PVA was much the same as that used on the previous flights with SCN. Details are provided elsewhere [9] . Two important changes, however, were made. The use of PVA necessitated the use of an all quartz glass growth observation chamber, which substituted for a previously used stainless-steel growth chamber with borosilicate glass windows, used on the previous flights. A full discussion of the development and testing of this chamber was published elsewhere [17] . The IDGE data acquisition system for USMP-4 was augmented by providing both on-board and down-linked 30 fps 255 gray-scale video signals. During USMP-4, the IDGE successfully accomplished 105 experiment cycles, each of which entailed melting the PVA sample, cooling it to a precisely known supercooled temperature (within ±0.001 K), nucleating the crystals, and recording the dendritic growth event with video, electronic (CCD) binary images, and with 35 mm film.
Video downlinking allowed high data rates to be recorded in real time. Figure 2 is a summary of the velocity data based on video and CCD downlink telemetry. These data will be checked, and revised if needed, and the dendritic tip radii will be measured from the sequences of photographs taken with the first 65 experiments. Photographic data must await retrieval of the film from the IDGE, its photographic development, and image analysis of those photos. The data assembled in Figure 2 show clearly that ground-based measurements of growth speeds in PVA dendrites exhibit similar influences from terrestrial gravity, that cause these data to fall higher than those obtained in microgravity. Note too that the terrestrial data and those observed in microgravity merge above about 1K. A similar convergence was found for SCN on the earlier flights of the IDGE.
The dotted curve in Figure 2 is an estimate of the theoretical prediction of the steady-state growth velocity derived from heat transport and capillary theory. This curve lies close to those points falling into the upper-range of the data we recorded in microgravity, where neighboring dendrites did not influence the observed growth speed. This curves continues to correlate the data set all the way to the highest velocity measured. This result suggests strongly that PVA dendrites grow by diffusionlimited heat transfer over the range of velocities investigated. This result is at variance with reports in the literature claiming strong molecular attachment kinetic effects in PVA. If a very small kinetic hindrance from molecular attachment is borne out based on all the IDGE data, it would qualify PVA as a good model for dendritic growth in FCC metals. Tip Velocity (μ m/s) Figure 3 shows some preliminary data assessing the nature of thermal boundary layer interactions in neighboring PVA dendrites. We see that the velocity levels off at its maximum steady-state rate when the nearest neighbor distance exceeds about two thermal diffusion distances, λ, where λ=α/V, and where α is the thermal diffusivity, and V is the tip speed. When the nearest-neighbor separation falls below about 2λ, the velocity is reduced through thermal interactions of the boundary layers. This phenomenon of interactions between neighboring dendritic crystals has never been clearly documented before, because high-quality microgravity conditions are needed to insure that dendritic growth is limited only by thermal diffusion, and that convection is absent.
SUMMARY AND CONCLUSIONS
The IDGE's third orbital flight, aboard USMP-4, studied dendritic growth in high-purity pivalic acid (PVA), a substance that crystallizes with a facecentered-cubic structure, like that of aluminum and copper. The IDGE instrument performed all of its functions flawlessly, delivering 105 experiments that cover supercoolings from 0.05-1.1K. Video downlink, a new instrumental feature added for this mission, yielded excellent results concerning the Already observed is the first clear evidence that suggests that PVA dendrites grow in a diffusionlimited mode, unaffected by complicating molecular attachment processes occurring at the solid-melt interface. As such PVA should provide accurate scaling laws for modeling dendritic growth in FCC metals and alloys.
